Ultrasound application in the presence of microbubbles is a promising strategy for intracellular delivery drug and gene, but it may also trigger other cellular responses. This study investigates the relationship between the change of cell membrane permeability generated by ultrasound-driven microbubbles and the changes in intracellular calcium concentration ([Ca 2+ ] i ). Cultured rat cardiomyoblast (H9c2) cells were exposed to a single ultrasound pulse (1 MHz, 10-15 cycles, 0.27 MPa) in the presence of a Definity™ microbubble. Intracellular transport via sonoporation was assessed in real time using propidium iodide (PI), while [Ca 2+ ] i and dye loss from the cells were measured with preloaded fura-2. The ultrasound exposure generated fragmentation or shrinking of the microbubble. Only cells adjacent to the ultrasound-driven microbubble exhibited propidium iodide (PI) uptake with simultaneous [Ca 2+ ] i increase and fura-2 dye loss. The amount of PI uptake was correlated with the amount of fura-2 dye loss. Cells with delayed [Ca 2+ ] i transients from the time of ultrasound application had no uptake of PI. These results indicate the formation of nonspecific pores in the cell membrane by ultrasound-stimulated microbubbles and the generation of calcium waves in surrounding cells without pores.
INTRODUCTION
Sonoporation has shown promise to facilitate intracellular transport of drugs, proteins, genes, and other therapeutic agents that are otherwise impermeable to the cell [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Because ultrasound exposure can be non-invasively controlled in application volume and location as well as exposure duration, sonoporation is uniquely suitable for in vivo site-specific delivery [14, 15] . However, even with recent progress in the field, a detailed mechanistic description of sonoporation and its full range of bioeffects remains to be elucidated [16] . Sonoporation is significantly enhanced by both inertial cavitation [17] [18] [19] [20] and stable cavitation [21, 22] , typically with microbubble ultrasound contrast agents [23, 24] to act as cavitation nuclei, possibly via microjetting and shock waves from collapsing bubbles [17, 25, 26] , shear stress from microstreaming induced by bubble oscillations [21, 27, 28] , chemical effects [29] [30] [31] , and penetration of bubbles or bubble shell fragments into the cell [32] .
Recent studies have demonstrated that cells treated with ultrasound with microbubbles in the medium can exhibit temporal calcium transients [30, 32, 33] . In particular, we have shown temporal calcium oscillations and spatial waves can be generated, resulting in calcium changes in cells away from the cells that directly interact with microbubbles over distances of hundreds of microns and tens of seconds after ultrasound application [34] . Because intracellular calcium is an important second messenger that regulates signal transduction and other intracellular processes, changes in the intracellular calcium ion concentration, [Ca 2+ ] i , resulting from ultrasound exposure may have unintended consequences in ultrasound-mediated delivery applications such as cardiac gene transfection and targeted cancer drug delivery. However, while the aforementioned studies have suggested that calcium response occurs as a result of ultrasound application in the presence of microbubbles, it is not explicitly clear whether sonoporation of the cell membrane with intracellular delivery directly causes [Ca 2+ ] i activities.
In this study, we employ a combination of imaging techniques to determine whether sonoporation of cardiomyoblast cells and [Ca 2+ ] i changes are generated by the interaction between individual microbubbles and cells via pore formation. Ultrasound-driven microbubble activity was imaged using high-speed bright-field imaging, which was synchronized and spatially correlated with a real-time fluorescence imaging system specially designed to simultaneously measure changes in [Ca 2+ ] i and membrane permeabilization using multiple fluorescent dyes.
MATERIALS AND METHODS

Cell culturing
H9c2 rat cardiomyoblast cells (ATCC, Manassas, VA) were grown in a humidified incubator at 37°C and 5% CO 2 in cell culture flasks containing the complete cell culture medium consisting of Dulbecco's modified Eagle's medium (Gibco Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (HyClone, Logan, UT) and 1% penicillinstreptomycin (HyClone, Logan, UT). Two days before the sonoporation experiment, the cells were harvested from the flasks and seeded into an OptiCell™ chamber (Nunc, Rochester, NY) filled with the same cell culture medium. OptiCell™ chambers consist of two parallel, gaspermeable, cell-culture-treated, polystyrene membranes (50 cm 2 , 75 μm thick, 2 mm apart) attached to a standard microtiter plate-sized frame. At the time of experiment, the cells had reached approximately 70% confluency.
Microbubble ultrasound contrast agent
Definity™ (Lantheus Medical Imaging, Billerca, MA) consists of distributed encapsulated microbubbles, each with a C 3 F 8 gas core encapsulated by an outer phospholipid shell. Immediately after activation following the manufacturer's protocol, the suspension contains approximately 1.2×10 10 microbubbles/mL with mean diameter range of 1.1 μm-3.3 μm. However, for the current experiments, the solution was diluted with PBS to have a final concentration of 10 6 microbubbles/mL such that most cells had only 1 or 2 bubbles in their immediate vicinity, which was verified by direct optical observation prior to ultrasound exposure.
Measurement of intracellular calcium concentration
Fluorescence imaging of [Ca 2+ ] i was performed using the indicator dye fura-2 [35] . To load the dye into the cells, the cells were incubated for 60 minutes at 37°C and 5% CO 2 in complete cell culture medium containing 7.8 μM fura-2AM (Invitrogen, Carlsbad, CA) dissolved in DMSO and 0.05% v/v of 10% w/v Pluronic F-127 (Invitrogen, Carlsbad, CA) in water. After incubation, excess dye was removed by washing the cells three times with complete culture medium before ultrasound exposure. The Opticell™ chamber was then filled with Dulbecco's Phosphate-Buffered Saline solution (DPBS, Gibco Invitrogen 14040, Carlsbad, CA), which has [Ca 2+ ] o = 0.9 mM. Quantitative measurement of [Ca 2+ ] i was achieved via calibrated ratiometric imaging. The "raw" emitted fluorescence intensities (at 510 nm) for both excitation wavelengths 340 nm and 380 nm in each cell was determined from manually segmented regions of the cell in the images. The background-corrected fluorescence intensities (F 340 , F 380 ) were obtained by subtracting the fluorescence intensity from an area free of cells from the raw intensities. The ratio R=F 340 /F 380 was related to the change in the intracellular calcium concentration according to (1) where the parameters R min = 0.0226, R max = 0.749, and β = 8.37 were obtained by using a fura-2 calibration kit (Invitrogen F6774, Carlsbad, CA) without cells and K d = 155 nM was taken from the literature [36] .
Determination of membrane permeabilization with propidium iodide
Change in cell membrane permeabilization by ultrasound was assessed by detecting the intracellular fluorescence intensity of the intercalating agent propidium iodide (PI; 668 Da) (Sigma Aldrich, St. Louis, MO). After loading with fura-2, PI was added to the extracellular solution to achieve a final concentration of 120 μM. To detect PI, the specimen was excited at 539 nm, and emission was detected at 610 nm. (Excitation at the ultraviolet wavelengths caused a very low-intensity emission from PI that cannot be fully distinguished from the emission from the fura-2; however, this effect is estimated to cause an error of less than 5%.) As PI only fluoresces at these wavelengths when inside the cell, it provides a good real-time marker for delivery via membrane disruption from the extracellular solution with real-time fluorescence imaging. While irreversible changes in PI fluorescence are often used as a marker for cell death, here transient changes in PI fluorescence were also used as a marker for permeation of the cell membrane.
Optical imaging and data analysis
A schematic diagram of the experimental apparatus is shown in Fig. 1 . The fura-2-loaded cells in the OptiCell™ chamber filled with the solution of PI and microbubbles were placed on a 37°C heating stage of an inverted microscope (Nikon Eclipse Ti-U, Melville, NY). The realtime fluorescence imaging employed a monochromator (DeltaRAM X™, PTI, Birmingham, NJ) with 5 nm bandpass to repeatedly filter light from a 75 W xenon lamp at the various excitation wavelengths previously described, with an exposure time of 656 ms during fura-2 imaging and 400 ms during PI imaging. The excitation light was directed through either a 20X Super Fluor (Nikon MRF00200, Melville, NY; NA 0.75) or a 40X Plan Fluor objective (Nikon MRH08420, Melville, NY; NA 0.60) and the light subsequently emitted from the cells was passed through a polychroic filter (Chroma 73000v2, Rockingham, VT) with passbands in the green and red. The resulting series of 16 bit grayscale photomicrographs were acquired with a cooled CCD camera (Photometrics QuantEM, Tucson, AZ) at 512 × 512 resolution. Electron multiplication gain in the camera was set to 100% during fura-2 imaging and 80% during PI imaging. The image acquisition and analysis from this camera were performed using the software package Easy Ratio Pro (PTI, Birmingham, NJ). To create the calibrated calcium images, image post-processing was performed using MATLAB (Mathworks, Natick, MA) and MetaFluor Analyst (Molecular Devices, Downingtown, PA). Noise in the regions outside the cells was suppressed by using intensity-modulated display approach [37] using the 340 nm images for modulation, as described previously [33] . The grayscale PI images were artificiallycolored red for display purposes by zeroing the green and blue components of each pixel.
Microbubble activity was captured using a high-speed, brightfield camera (Photron FASTCAM SA1, San Diego, CA) at a resolution of 1024 × 1024, rate of 5400 frames/s, and total exposure time of ~2 s. The specimen was illuminated with metal-halide light source (Dolan-Jenner MH-100, Boxborough, MA) only during the high-speed imaging.
Ultrasound application and calibration
The ultrasound system used for the experiment consisted of a non-focused circular transducer specially-designed and constructed for our study (1 MHz center frequency, 0.635 cm diameter, Advanced Devices, Wakefield, MA). The transducer was driven by a function/waveform generator (Agilent Technologies 33250A, Palo Alto, CA) and a 75 W power amplifier (Amplifier Research 75A250, Souderton, PA). The transducer was characterized in free field using computer-controlled system with a 40 μm calibrated needle hydrophone (Precision Acoustics HPM04/1, UK). Prior to the experiment, the transducer was aligned with the field of view of the microscope objective using a thin wire attached on the top surface of a waterfilled OptiCell™ with a plastic wall attached around its entire edge to create a small tank, which was subsequently filled with de-ionized water for acoustic energy coupling.
This alignment apparatus was then removed and replaced by the Opticell™ containing the cells loaded with fura-2 and with PI in the extracellular medium, also with a coupling tank on top filled with deionized water. The water in the tank is physically isolated from the cells by the upper membrane of the Opticell™ chamber. The transducer was positioned such that the active surface of the ultrasound transducer submerged in solution was ~7 mm from the cells at the bottom of the dish at an angle of approximately 45 degrees (Fig. 1) . The transducer had a near field distance of ~6.4 mm and spatial width (half-max) at 7.5 mm, which is the approximate distance between the transducer and OptiCell™ chamber during the experiments. As such, the entire field of view of the microscope (200 × 200 μm at 40X, 400 × 400 μm at 20X) was insonified. The cells are attached to the top polystyrene membrane of the OptiCell™ chamber. Standing wave effects [38] due to the bottom membrane of the OptiCell ™ were minimized by angling the ultrasound beam and using short pulses. The generated ultrasound waveforms at the region of interest had peak negative pressure of 0.27 MPa as determined from the calibration above. A single ultrasound tone burst of 10 or 15 cycles was applied during each experiment.
Experimental protocols
Two protocols were used in our experiments, schematically illustrated in Fig.2 . In the first protocol, the microbubbles were imaged during ultrasound application and included the following steps (1) baseline fluorescence imaging performed with sequential excitation at 340nm, 380nm and 539nm for 20 s; (2) baseline brightfield high-speed imaging performed for 10 ms; (3) ultrasound application during the high-speed imaging; (4) fluorescence imaging continued with the same excitation sequence for up to 5 min. Synchronization of ultrasound pulse and bright field imaging ensured that brightfield images would be acquired before, during, and after the ultrasound pulse. Immediately after the brightfield imaging was completed, the microscope was manually switched back to the fluorescence camera, which continued to run throughout the brightfield imaging to maintain a continuous time base during the entire duration of the experiment. Since light could only be directed to one camera at a time, the information from the fluorescent dyes is not captured during the time when the ultrasound pulse is applied and the bright field imaging is performed. There were 18 independent experiments conducted following the first protocol. In these experiments a total of 28 different cells each with one adjacent bubble were studied.
The second protocol involved only fluorescence imaging without the bright field imaging. In addition to excitations at 340 nm, 380 nm and 539 nm, fluorescence imaging in the second protocol also included excitation at 360 nm, the isosbestic wavelength of fura-2, to investigate the leakage of the pre-loaded fura-2 out of the cell due to sonoporation of the cell membrane. At the isosbestic point of the dye, the fluorescent emission is independent of the [Ca 2+ ] i . As such, this wavelength was used as a measure of fura-2 dye concentration [39] [40] [41] . A series of 15 independent experiments were conducted following the second protocol. A total of 36 cells, which showed [Ca 2+ ] i transient, were analyzed.
The isosbestic point of fura-2 was confirmed in our experiments to be 360 nm by examining the emission intensities as a function of time in cells sequentially excited at 340 nm, 360 nm, 361 nm, 362 nm, 380 nm, and 539 nm (for PI excitation) as the result of ultrasound application to initiate change (increase) in [Ca 2+ ] i . In the cells that did not exhibit PI uptake but with (delayed) change in [Ca 2+ ] i (e.g., as a result of a calcium wave but not pores on the membrane), the emission intensity from 360 nm excitation stayed unchanged, while the emission intensities from excitation at longer wavelengths increasingly resembled the response from excitation at 380 nm (which decreases in amplitude when [Ca 2+ ] i increases).
Curve fitting
Following a previous proposed model [42, 43] , the change in PI intensity due to PI uptake was fitted to a two-parameter exponential recovery function (2) where t = 0 is the time of the ultrasound application, τ PI the characteristic PI recovery time and PI ∞ the asymptotic PI intensity. Analogously, intensity changes due to fura-2 dye loss measured with the 360 nm excitation were fitted to a two-parameter exponential decay function (3) where τ F360 is the characteristic decay time for fura-2 dye leakage and and are the initial fura-2 intensity from 360 nm excitation before ultrasound exposure (known) and the asymptotic fura-2 intensity at long times. Fitting was performed using the routines of the MATLAB Curve Fitting Tool using the default parameter on all data except those with signalto-noise ratios so low that meaningful fitting was not possible. Goodness-of-fit was assessed using the R 2 parameter (ratio of the sum of squares of the regression and the total sum of squares).
RESULTS
Ultrasound-driven microbubble activities, sonoporation, and calcium transients
In the set of experiments using the first protocol, microbubble dynamics were observed using the high-speed camera during the application of ultrasound while the intracellular delivery of the marker PI from the extracellular solution and the [Ca 2+ ] i response were measured using real-time fluorescence imaging. Control experiments with no microbubbles or no ultrasound yielded no PI uptake. Only those microbubbles that were immediately adjacent to the cell resulted in any observable changes in the cells. Figure 3 shows the results of a typical single experiment. Figures 3A and 3B show pre-ultrasound PI and [Ca 2+ ] i (pseudocolor) images superimposed on the brightfield image of the same field of view taken prior to the start of the fluorescence imaging and ultrasound application with the region of interest indicated by the solid while lines on the main body of two cells. Cell 2 is adjacent to a microbubble (indicated by the arrow) while Cell 1 is not. The absence of PI in cells (no red in Fig. 3A) indicates their viability with intact membrane (the extracellular solution contains PI). After initial baseline fluorescence imaging, the microscope is switched to the high-speed brightfield imaging followed by ultrasound application. Figures 3C and 3D show the mean PI fluorescence intensity and [Ca 2+ ] i , respectively, as a function of time for the regions of interest corresponding to Cells 1 and 2 in Fig. 3A and 3B . The significant increase of PI intensity in Cell 2 is clearly shown in Fig.3C , indicating intracellular PI delivery via sonoporation. Figure 3D shows that the average [Ca 2+ ] i also increases significantly in Cell 2 before eventually returning to an equilibrium value. The return of the [Ca 2+ ] i of Cell 2 to an equilibrium value suggests that the cell is still alive even though delivery has occurred. Figure 3E shows the ultrasound-induced stimulation of the microbubble adjacent to Cell 2. The bubble is seen to fragment into three smaller bubbles resulting from the ultrasound pulse. In contrast, both PI fluorescence intensity and the [Ca 2+ ] i are essentially unaffected for the nearby Cell 1 in the absence of bubble activities in close proximity. Figure 4 shows spatiotemporal evolution of the intracellular PI (Fig. 4A ) and [Ca 2+ ] i changes (Fig. 4B) , corresponding to the traces of Figs. 3C and 3D . The white lines show the of the regions of interest corresponding to Cell 1 and Cell 2 while the location of the microbubble before ultrasound is indicated by the small circle. Figure 4A shows that the PI delivery originates in the immediate vicinity of the microbubble at the time of the ultrasound application and then diffuses to the other areas of Cell 2 over the next 4 minutes, while Cell 1 is entirely unaffected. Figure 4B shows that the [Ca 2+ ] i increases from less than 100 nM to more than 500 nM and then recovers. Again, the [Ca 2+ ] i of Cell 1 is unaffected. Taken together, Figs. 3 and 4 illustrate that PI delivery and change in [Ca 2+ ] i are spatially and temporally correlated in cell sonoporation due to an ultrasound-stimulated microbubble.
Spatiotemporal evolution of intracellular marker and calcium
In every case of PI delivery, [Ca 2+ ] i changes also occurred simultaneously. While the individual bubble oscillations were not resolved due to limitation of the imaging frame rate relative to the ultrasound frequency, the high-speed bright field imaging clearly showed a change in the bubble after each ultrasound pulse.
The simultaneous occurrence of microbubble changes, PI uptake, and [Ca 2+ ] i transients indicates that the transient pore formation induced by the microbubble stimulation is likely the cause for the observed [Ca 2+ ] i transients.
Delayed calcium transport in cells without pore formation
While the results described above demonstrated that immediate [Ca 2+ ] i transients are correlated with PI delivery in cells affected by ultrasound-driven microbubble activities, cells with delayed [Ca 2+ ] i transients showed no PI uptake. Figure 5 shows the spatiotemporal evolution of the PI delivery (Fig. 5A ) and the changes in [Ca 2+ ] i (Fig. 5B) for five cells and corresponding time traces (Fig. 5C, D) 
units).
First, the effect of sonoporation on the post-ultrasound equilibrium values of the delivery marker and [Ca 2+ i ] was considered, where five minutes was empirically determined to be a sufficient time period for most cells to reach equilibrium or near-equilibrium conditions. Next, the effect of sonoporation on the pre-loaded dye fura-2 was investigated. If sonoporation creates non-specific pores, then the preloaded dye might leak out of the cell as the delivery marker PI is transported into the cell. Figure 7A shows the typical result from sonoporated cells from a single experiment with the isosbestic point excitation included. The PI intensity increases in the cell after ultrasound application, indicating marker delivery due to pore formation. At the same time, the [Ca 2+ ] i transiently increases and then decreases to an equilibrium level.
Finally, the emission from 360 nm excitation decreases, implying a loss of fura-2 dye from the cell and thereby also indicating the existence of pore on the cell membrane. (Recall that the ratio of the emission intensities due to excitations at 340 nm and 380 nm is used to derive [Ca 2+ ] i and is thus essentially independent of dye concentration.)
The dashed lines on the figure (Fig. 7A) show the fit of the PI uptake to Eq. (2) (τ PI = 34.2 s, PI ∞ = 58.4) and fura-2 dye loss to Eq. (3) (τ F360 = 13.8 s,
). Figure 7B shows that over multiple experiments the change in the emission intensity from the 360 nm excitation F 360 change = F 360 (t = 5 min) -F 360 (t = 0 min) is negatively correlated with the PI intensity change = PI(t = 5 min) -PI(t = 0 min) in these experiments (R = -0.78), indicating that amount of marker delivery is related to the amount of dye loss. Using the fitting Eq. (2) and (3), the mean and standard deviation of the exponential recovery time constant τ PI for PI was found to be 50 ± 32 s, while the mean and standard deviation of the exponential decay time constant τ F360 for the fura-2 dye loss was 25 ± 15 s. Although the exponential time constants depend on a combination of factors, the asymptotic behavior of fluorescence intensities of PI and fura-2 (excited at 360 nm) suggests that the time constants reflect the resealing rate of the pores on the cell membrane.
Cell viability
All of the cells affected by ultrasound-bubble included in this study (no data were excluded) and presented above were viable at the end of the 5 minute observation period after ultrasound application because they meet the following conditions: (1) its US-induced [Ca 2+ ] i rises and then returns to an equilibrium value (although it may not necessarily be its initial value), (2) the PI intensity reaches a stable plateau which is much lower than the PI intensities exhibited by the cells that were dead (verified by Trypan blue assay) before ultrasound application, and (3) the fura-2 emission intensity due to 360 nm excitation (when brightfield imaging was not performed) drops but reaches a non-zero equilibrium value that is higher than the final equilibrium fluorescence intensity exhibited by the cells that were dead before ultrasound application (confirmed by Trypan blue assay).
DISCUSSION
The goal of this study is to relate cell membrane poration and generation of calcium transients by employing an experimental setup with the combined capability of imaging the spatiotemporal changes of fura-2 and PI simultaneously. While previous studies have employed PI for determining sonoporation [18, 21, 31, 44] , have measured fluorescence intensities related to calcium concentration during sonoporation [30, 45] , and used fura-2 dye loss as a measure of sonoporation [44] , in this study we measured the spatiotemporal PI intensity, calibrated [Ca 2+ ] i , fura-2 dye changes, together in real time (Figs. 3,4 ,6,7), correlated these changes for specific, individual cell-bubble interactions (Figs. 6,7) , and quantitatively measured the recovery time constants and fluorescence intensities. The role of ultrasound-induced microbubble changes was verified by the acquisition of high-speed images of the same bubbles and cells, before, during, and immediately after a short ultrasound pulse (Fig. 3) . While calcium waves resulting from sonoporation have been previously observed [32] [33] [34] , we demonstrated explicitly that cells exhibiting [Ca 2+ ] i waves were not sonoporated themselves (Fig. 5) .
Previous studies without microbubbles [45] and with microbubbles [30, 34] have shown that cells increase [Ca 2+ ] i when the extracellular calcium concentration is greater than the intracellular concentration but show no change or decrease in [Ca 2+ ] i when the cells are in medium with zero extracellular calcium. Both of these responses are consistent with Ca 2+ transport into the cell through nonspecific pores, but existence of physical pores of membrane disruption, e.g., indicated by concomitant delivery of a membrane-impermeable marker from the extracellular solution, was not explicitly demonstrated. In the current study, the spatiotemporal correlation between the microbubble and change in PI fluorescence and [Ca 2+ ] i (Figs. 4,5 ) in sonoporated cells indicate that the ultrasound-driven microbubble is the cause for the [Ca 2+ ] i transients in these cells. However, it is possible that other intracellular mechanisms can also be triggered subsequently by the pore formation (e.g., calcium-induced calcium release), as has also been suggested by others [46] . In general, the recovery of [Ca 2+ ] i is mostly likely the result of several complex processes including active extracellular efflux, protein buffering, and storage in the sarcoplasmic reticulum and mitrochondria.
Cells with delayed [Ca 2+ ] i transients with respect to the cells with immediate [Ca 2+ ] i transients generated by ultrasound-driven microbubble as well as PI uptake showed no PI delivery (Fig.  5) , indicating that the delayed transients are not directly due to pores on the membrane, but result from "calcium waves", as observed previously in a different cell type [33, 34] . Hence [Ca 2+ ] i transients alone are not a good indicator for permeabilization in sonoporation for intracellular macromolecule delivery. Tsukamoto et al. [32] similarly have observed the existence of calcium transients delayed with the respect to the time of ultrasound application, particularly in cells adjacent to cells that exhibited membrane rupture (as determined by an irreversible decrease in the 380 nm excitation signal of fura-2). In studies on a variety of cells, [Ca 2+ ] i transients have been shown to result from both intracellular [47] and extracellular transport of messengers [48] .
A recent study showed that delivery by endocytosis can also occur as a result of ultrasound exposure, particularly for larger weight molecules (> 150 kDa). [49] . Imaging from the current study showed that the intracellular PI delivery was only seen initially at the area adjacent to the ultrasound-driven microbubble, despite the fact that the entire field of view is exposed to ultrasound. The PI fluorescence gradually became increasingly distributed inside the cell, and calcium changes also rapidly occur throughout the cell. These observations are inconsistent with the localization within vesicles that is observed in endocytotic delivery. Instead, it is more likely that ultrasound mediated intracellular delivery of PI observed in our experiments results from the passive transport of macromolecules into the cytosol through non-specific pores and/ or physical disruption of the membrane [17, 21, [50] [51] [52] [53] [54] [55] .
The mean 99% recovery times observed in our study from time-dependent measurements of marker intensities (5τ PI ≈ 250 s or 5τ F360 ≈ 125 s) are somewhat slower than those observed previously in mechanical wounding of 10 to 30 s [39] [40] [41] of murine fibroblasts, but faster than the recovery times of 600 s in some electroporation experiments based on averaging over many murine myeloma cells [42, 43] . These differences can come from a number of factors, including difference cell types, methods of membrane wounding, as well as fluorescent dye kinetics. In addition, the scatterplots of Figs. 6 and 7 suggest that there is a significant amount of variability in the sonoporation process in terms of the amount of marker delivery or loss. It is possible that inherent differences in nucleic acid distribution or concentration within the cell, intercellular variations in fura-2 dye loading, and differences in the size and distance of the microbubbles could contribute this variability, but effects from these factors were not determined.
This study has several limitations. First, the study was performed on a single cell type. However, the results were qualitatively similar to those observed in other studies with other cell lines in regards to [Ca 2+ ] i response (Chinese hamster ovary cells [33, 34] ), propidium iodide changes (bovine aorta endothelial cells [18, 44] ), and fura-2 dye loss (bovine aorta endothelial cells [44] ). Second, the study did not independently assess (e.g., by hydrophone measurements) the nature of the cavitation mechanism (i.e., stable or inertial), While the high-speed brightfield images did not have sufficiently high time resolution to conclusively determine the detailed nature of the cavitation during the pulse duration, the observation of clearly-resolvable bubble fragmentation after the ultrasound pulse in over half the experiments strongly suggests that inertial cavitation is likely to have occurred in these cases. In the remaining cases, the bubbles are usually smaller in diameter than before the ultrasound application, which may be suggestive of inertial cavitation, but the evidence is not conclusive. Other studies employing ultra-high speed imaging (millions of frames/s) have shown that inertial cavitation of shelled microbubbles can result under ultrasound conditions similar to those employed in this study (e.g., Optison [44] ). Finally, an independent cell viability assay was not employed in this study. Hence it was not possible determine the long-term survival rate of sonoporated cells. However, we consider it likely that cells that recovered to a stable [Ca 2+ ] i equilibrium value or had minimal PI uptake and fura-2 dye loss within a few minutes were likely to have survived, as has been similarly concluded by others [44] .
Sonoporation has the ability to enhance the delivery of large-molecular weight drugs, genes, and proteins to cells, but pore formation in the cell membrane may also result in other cellular events such as calcium transients as well as hyperpolarization induced by calcium or stretch activation of ion channels [46, [56] [57] [58] . It has been suggested that arrhythmogenic changes that have been clinically observed during echocardiography [59] [60] [61] may result from calcium transients [30, 46] . Cardiac contractions can follow calcium-induced calcium release [62] [63] [64] , and calcium transients and waves can be involved in arrhythmias [65] [66] [67] . Calcium waves have been found in migrating tumor cells, and an anti-metastatic drug has been shown to affect the calcium-wave properties of an invasive cancer cell line [68] . Another recent study has shown that even low-intensity ultrasound can induce excitation in neurons via activation of sodiumgated and calcium-gated ion channels [69] , which may then also have implications for efforts to use ultrasound as a means to transiently permeate the blood-brain barrier. Although the exact consequences require further investigation, these cellular events could have important implications in many applications such as ultrasound mediated cardiac gene delivery and targeted cancer drug delivery and are thus worthy of further careful studies in order to develop sonoporation as a safe and robust strategy for controlled delivery of therapeutic agents.
CONCLUSION
Results from this study demonstrate that ultrasound-driven bubble activities generated pores on the cell membrane that resulted in the intracellular delivery of PI and changes in [Ca 2+ ] i . The correlated PI gain and fura-2 loss observed in cells due to ultrasound application indicated concentration-gradient driven, bidirectional transport characteristic of non-specific pores created by the sonoporation. Cells with delayed [Ca 2+ ] i transients showed no PI uptake in cells, indicating calcium waves that originated from nearby sonoporated cells. Schematic diagram of experimental apparatus for spatiotemporal measurements of intracellular delivery of fluorescent marker and calcium transients generated by ultrasound-driven microbubble activities. Schematic diagram of experimental protocols for monitoring intracellular delivery and calcium transients generated by ultrasound-driven microbubbles. 
